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E-mail address: kono.hidetoshi@jaea.go.jp (H. KonWe developed a rational scheme for designing DNA binding proteins. The scheme was applied for a
zinc ﬁnger protein and the designed sequences were experimentally characterized with high DNA
sequence speciﬁcity. Starting with the backbone of a known ﬁnger structure, we initially calculated
amino acid sequences compatible with the expected structure and the secondary structures of the
designed ﬁngers were then experimentally conﬁrmed. The DNA-binding function was added to
the designed ﬁnger by reconsidering a section of the amino acid sequence and computationally
selecting amino acids to have the lowest protein–DNA interaction energy for the target DNA
sequences. Among the designed proteins, one had a gap between the lowest and second lowest pro-
tein–DNA interaction energies that was sufﬁcient to give DNA sequence-speciﬁcity.
 2012 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Protein–DNA interactions are involved in a variety of funda-
mental processes, including transcription, recombination and
DNA repair. DNA binding proteins, as exempliﬁed by transcription
factors, show high afﬁnity and speciﬁcity for their target DNA se-
quences. To elucidate the mechanism underlying speciﬁc DNA rec-
ognition by DNA binding proteins, much effort has gone into
determining the detailed structures of protein–DNA complexes.
These structures suggest that there is not a perfect one-to-one cor-
respondence between amino acids and bases in these interactions,
though some preferences are indicated [1], in particular, zinc ﬁnger
proteins show a strong preference [2]. To quantitatively evaluate
the strength of protein–DNA interactions, we have developed sta-
tistical potential functions based on the spatial distributions of
amino acids interacting with each base. Using these statistical
potentials, we are able to discriminate target from non-target
DNA sequences [3]. In addition, the potentials can also be used to
ﬁnd amino acids that will favorably interact with a given DNA se-
quence within the framework of a particular protein–DNA com-
plex, and to design DNA binding proteins [3].chemical Societies. Published by E
Simulation, Quantum Beam
midai, Kizugawa, Kyoto 619-
o).Recent successes in the computational design of various given
backbone structures are remarkable [4–6]. The next goal is to de-
sign a protein with a desired function. One of the authors has
developed a computer program called SCAD (statistical, computa-
tionally assisted design) for generating a sequence proﬁle that fold
into a desired backbone structure [7]. Thus far, SCAD has been suc-
cessfully applied to design a four helix-bundle from a single chain
[8], to make soluble a membrane protein [9] to design a thiore-
doxin mimic with redox activity [10] and to design an thermosta-
ble terpene syntase [11]. Here we report a rational scheme for
designing DNA-binding proteins. The scheme was applied for
designing of artiﬁcial zinc-ﬁnger proteins with speciﬁc DNA bind-
ing abilities and the designed amino acid sequences were experi-
mentally validated by their secondary structures and their DNA
binding abilities.2. Materials and methods
2.1. Calculating a sequence proﬁle for a zinc ﬁnger protein
We ﬁrst used SCAD [7] to generate a sequence proﬁle, a set of
amino acid sequences that were compatible with the zinc ﬁnger
structure (bba), based on the backbone geometry of the second ﬁn-
ger of Zif268 (PDB ID: 1AAY) [12]. Zif268 was used because its
high-resolution X-ray structure is available, the structural basislsevier B.V. All rights reserved.
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Fig. 1. Amino acid sequence selection criteria. For each amino acid sequence, the
distribution of interaction energies for the DNA sequences is plotted. Ideal amino
sequences should meet the following two criteria: (1) the protein–DNA interaction
energy for one DNA sequence is sufﬁciently low (bellow Eh) to achieve high binding
afﬁnity, and (2) there is an energy gap (DE) between the DNA sequences with the
lowest and second lowest interaction energies that is sufﬁcient to achieve high
speciﬁcity. In the ﬁgure, S1 is an ideal case.
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compact structure is amenable to computational examination.
SCAD outputs probabilities for 20 amino acid residues at each po-
sition in the backbone, along with a backbone-dependent rotamer
library [17] that is subject to certain constraints for ﬁxing/limiting
amino acids or their conformations based on prior information.
From this output, we could easily model a tertiary structure by
replacing the side chains of the second ﬁnger of Zif268 with the
calculated ones. The amino acid sequences for the ﬁrst and third
ﬁngers of Zif268 were retained. Because the spatial arrangement
of the secondary structures generally depends on the loop struc-
tures connecting them, we imposed a constraint ﬁxing the amino
acid types within the loop structures, but allowed the conforma-
tion of the side chains to change. The amino acids for the loop
and the second b-strand regions were assigned to be the ones most
conserved in the zinc-ﬁnger fold according to the HSSP [18]. These
sequences were determined to be EKPF (positions 1–4) for the
arrangement of ﬁngers 1 and 2, and GRAFS (positions 10–14) for
the second b-strand and the loop to the a-helix within ﬁnger 2
(Appendix Fig. A1). We also ﬁxed the Zn(II) ligands and their con-
formations to those of Zif268. Consequently, 15 of the 28 residues
were allowed to freely mutate in the backbone geometry of the
Zif268–DNA complex. The SCAD program was then used to calcu-
late the amino acid sequences compatible with the backbone.
The output of the program was a set of amino acid probabilities
for each of the 15 positions. Amino acids with non-zero probability
indicate that they are acceptable at the position. Among them, we
picked up the most probable amino acid at each of 15 positions and
obtained the representative amino acid sequence for the given
geometry.
2.2. Designing the DNA-binding ability
Next, we considered to create the DNA-binding ability to amino
acid sequence. In general, the amino acid preferences at positions
exposed to the solvent tend to be much weaker than those in the
protein interior [7]. This situation may allow us to mutate amino
acids exposed to the solvent with little or no effect on the back-
bone structure. In fact, most of the residues that mediate speciﬁc
binding of Zif268 to DNA are located at the protein surface, and
the SCAD allowed these amino acids to vary considerably. For that
reason, we carried out another calculation to introduce a speciﬁc
DNA binding function into the T0 peptide.
Two key issues affecting protein–DNA interaction are afﬁnity
and speciﬁcity, which do not necessarily correlate with one an-
other. Phage display methods have been used to select zinc ﬁnger
proteins with different DNA-binding speciﬁcities. This approach
enabled us to optimize the amino acid sequences to increase their
afﬁnity for target DNA, but it cannot completely guarantee se-
quence speciﬁcity because the optimized zinc ﬁnger has the poten-
tial to bind sequences other than the target. To achieve both high
afﬁnity and high speciﬁcity in DNA binding, we set up two criteria
for selection of DNA-binding amino acids, as is exempliﬁed by Si in
Fig. 1. First, the interaction energy should be low enough to ensure
high afﬁnity i.e., almost as low as with the wild-type protein. Sec-
ond, the gap between the lowest interaction energy (target) and
the second lowest (non-target) should be large enough to ensure
high speciﬁcity.
2.3. CD spectrum measurements
CD experiments were performed on JASCO J-720 instrument
with a temperature controller, using a capped 0.1 cm path length
cuvette. The spectra were recorded from 195 to 260 nm by using
continuous mode with 1 nm bandwidth, a 1 s response, and a scan
speed of 50 nmmin1. Each spectrum represents the average oftwenty scans at 20 C under a nitrogen atmosphere. Each peptide
was dissolved in Tris–HCl buffer (10 mM, pH 7.5) containing NaCl
(50 mM) and the concentration of peptide stock solutions were
estimated by spectrophotometrically. All CD samples were pre-
pared to 25 lM.
2.4. Gel-shift assay
We measured the binding afﬁnity for the target DNA sequences
and sequence selectivity by gel-shift assay. The assay was carried
out with the following conditions: 2.5 nM FITC-labeled DNAs,
10 mM Tris–HCl (pH 8.0), 50 mM NaCl, 1 mM DTT, 10 lM ZnCl2,
20 ng/lL calf thymus DNA, 0.05% Nonidet P40, 5% glycerol, 40 ng/
lL BSA, reaction time 30 min, electrophoresis in 8% polyacrylamide
gel, 88 mM Tris–borate buffer. For rigorous examination of the
binding selectivity, we carried out the gel-shift assays using 64
dsDNAs covering all possible triplet DNAs: 50-TAG-
TGGATCCGCGNNNGCGTGAATTCGA-30 where NNN is the target
triplet DNA.
3. Results and discussion
3.1. Design of amino acids folding into a zinc ﬁnger together with DNA-
binding function
Using the SCAD program, we obtained a sequence proﬁle for the
zinc ﬁnger and the following sequence as a representative by
selecting the most probable amino acid at each site; EKPFQCIIC-
GRAFSKKWELKKHIFKHKG (we refer to this as T0, hereafter). For
the 15 designed regions, T0 sequence has 33% (5/15) identity to
the wild type (Fig. 2a). We emphasize that this sequence is just a
representative of the sequences that are compatible with the given
backbone geometry of zinc ﬁnger. Fig. 2b, for example, shows a
part of the proﬁle indicating that many amino acids are acceptable
for some of the positions (positions 16, 17, 18 and 21) and different
positions have a different amino acid preference. We ﬁrst experi-
mentally check the secondary structure of T0 and conﬁrmed that
the secondary structure of T0 be similar to that of wild-type pep-
tide upon addition of Zn(II) by measuring CD spectra (Fig. 3). It is
worth noting that in spite of its sequence identity of 33% for the de-
signed section to the wild type T0 has a similar amount of second-
ary structures. In addition, two more amino acid sequences
consistent with the calculated sequence proﬁle were experimen-
tally conﬁrmed to have a similar amount of secondary structures
Fig. 2. (a) Amino acid sequence alignment of the wild type and T0. Top is the secondary structure of the wild type. Solid letter denote the sites where the amino acid was
freely allowed to mutate (or design). The sites where the identical residue to that of the wild type came out computationally are marked by underline. (b) Amino acid
probabilities for the section of DNA recognition sites calculated by the SCAD [7] program. Note that the ordinate is scaled differently for the clarity. The sites 16, 17, 18 and 21
do not show strong preferences for particular amino acids, indicating that these sites can structurally allow any type of amino acids and can be designed or mutated to bind to
speciﬁc DNA sequences without corrupting the given backbone geometry.
Fig. 3. CD spectra of T0 and T3 ﬁngers (each 25 mM) in the absence (denoted by ‘‘w.o.’’) and presence of ZnCl2 (50 mM) (denoted by ‘‘w.’’) in Tris–HCl (10 mM, pH 7.5) and
NaCl (50 mM) at 20 C.
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the SCAD program can design amino acids consistent with the gi-
ven backbone geometry.
Using the two criteria mentioned in the Section 2, we designed
amino acid sequences with the ability to speciﬁcally bind DNA at
residues 15 to 21 of T0 (shown by italic in Fig. 4a), which corre-
sponds to the Zif268 sequence responsible for DNA binding
[2,12–16]. Note that TGG (or GGG) is the preferred DNA triplet of
the Zif268 Finger 2 [2]. Using the statistical potentials [3], we then
computed protein–DNA interaction energies for all possible pairsof amino acid sequences for those seven positions in the second
ﬁnger (207 = 1.3  109) and all possible triplet DNA sequences
(64 = 4  4  4), which served as targets [3]. The calculation took
about one week with 4 CPUs operating at 2.4 GHz. The result
showed that amino acid sequences with sufﬁciently low protein–
DNA interaction energies exist only for TNG (TAG, TCG, TGG and
TTG), AGG and CGG triplet DNAs. Among them, sequences only
for TGG had a large energy gap between the lowest and the second
lowest DNA targets. Then, we decided to synthesize peptides for
TNG. Hereafter, we refer to the four peptides that rank the top in
Fig. 4. (a) Five designed amino acid sequences. Out of the 28 positions, 15 positions
depicted by solid letters were considered for design. Type of amino acid for
positions shown by faint single letters was ﬁxed to the evolutionary conserved one.
The top sequence (Con.) is the most conserved amino acid sequence for the zinc
ﬁnger motif with the secondary structures; the second top is most probable
calculated amino acid sequence, given the backbone geometry of the second ﬁnger
of Zif268. Based on this sequence, four ﬁngers, T1 to T4, were designed. In the left
column are the sequence names with the target DNA in parenthesis. Residues in
italics were considered for designing DNA binding in the second calculation. (b)
Distribution of protein–DNA interaction energies. For each of the designed proteins,
interaction energies for all possible triplet DNA sequences (64 = 4  4  4) were
calculated. The lowest bar denotes the energy for the target DNA. ZF(T3) has an
ideal energy gap (see caption in Fig. 2).
Table 1
Dissociation constants Kd ± S.D. (nM) and relative values of Kd to the TGG binding
(shown in parentheses) of Zif268 and ZF(T3) obtained from the gel-shift assays.
Target Zif268 ZF3(T3)
TAG 5.1 ± 0.8 (2.0) 52 ± 5.6 (1.6)
TCG 49 ± 4.1 (19) 1350 ± 170 (41)
TGG 2.5 ± 1.0 (1.0) 33 ± 10 (1.0)
TTG 28 ± 5.0 (11) 370 ± 38 (11)
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TGG and TTG, as T1, T2, T3 and T4, respectively (Fig. 4a). This result
seems quite reasonable, as the speciﬁcity of the binding of ﬁnger 2
to the ﬁrst (T) base is dependent on the ﬂanking Zif268 ﬁnger 3
[19,20]. Among the designed peptides, the amino acid sequence
binding TGG (T3) was the only one that satisﬁed both of the afore-
mentioned criteria (Fig. 4b), promising high speciﬁcity for TGG.
Note that the wild-type sequence also meets the criteria and ranks
the 27th among TGG targeted sequences in terms of interaction en-
ergy though the value itself was so close to that of T3, indicating
that at least 27 peptides can speciﬁcally bind to TGG.
3.2. Experimental validation of the designed zinc ﬁnger proteins
To assess the Zn(II) binding and the secondary structures of the
designed ﬁngers, we used the Fmoc chemistry to synthesize T1 to
T4 and measured their CD spectra in the absence and presence of
Zn(II). The CD spectra of them all showed induction of a bba struc-
ture similar to the wild type ﬁnger 2 upon addition of Zn(II). The
stoichiometry of peptides to Zn(II) was 1:1, suggesting the de-
signed peptides have a proper secondary structure and bind Zn(II)
(Fig. 3 and Appendix Fig. A2).
We then used an E-coli system [21] to express the three-ﬁnger
protein, ZF(T3) in which the amino acid sequences of ﬁngers 1 and
3 were the same as those of Zif268, and ﬁnger 2 of Zif268 was re-
placed with T3, and measured the DNA binding afﬁnities (for the
details, see Appendix Plasmids Construction and Three-Finger Pro-tein Expression). We initially used gel-shift assays to determine the
binding abilities of all of the designed proteins for their target DNA
and related DNAs (TNG). ZF(T3) (TGG binder) was conﬁrmed to
speciﬁcally bind to TGG with a high binding afﬁnity (Kd = 33 nM;
Table 1, and Appendix Fig. A3). Indeed, ZF(T3) and Zif268 had sim-
ilar tendencies with respect to their binding afﬁnities for TNG trip-
let DNAs (see the relative Kd in Table 1). ZF(T1), ZF(T2) and ZF(T4)
were also created and examined their DNA binding abilities in the
same way as ZF(T3). They, however, only weakly bound to their
target DNAs and also bound to non-targets (data not shown),
which agrees with our computational result indicating their unsat-
isfactory interaction energies and energy gaps (Fig. 4b). It might be
argued that the afﬁnity of ZF(T3) for its target is not due to ﬁnger 2,
but to ﬁngers 1 and 3; however, given that among the four de-
signed ZFs, which all had the same ﬂanking ﬁngers, only ZF(T3)
had a high afﬁnity for its target, we conclude that it is T3 itself that
has a high afﬁnity for its target DNA.
We next rigorously investigated the DNA sequence speciﬁcity of
ZF(T3) and Zif268 for all 64 (4  4  4) possible triplet DNAs (Fig. 5
and Appendix Fig. A4), as binding speciﬁcity has usually been char-
acterized only for sequences similar to that of the target DNA.
Fig. 5a and b show the ratio of the shifted DNA bound to the pro-
tein against the added DNA. Both ZF(T3) and Zif268 were found
to bind not only to TGG, but also NPG (P = A or G), though they
bound most strongly to TGG and TAG. ZF(T3) showed less binding
to non-target DNA sequences, such as GGA, CCG, TAA, TGA and
TGT, than did Zif268 (No. 09, 39, 49, 57 and 60 in Fig. 4a and b),
indicating slightly better speciﬁcity. When we examined the order
of the calculated protein–DNA interaction energies of ZF(T3) with
the 64 triplets, we found it considerably consistent with that of
the experimentally determined binding afﬁnities. In particular,
the triplet DNAs to which ZF(T3) most strongly bound (shown by
red color in Fig. 5b) were all ranked within the top 15 of the 64 tar-
gets (Fig. 5c). This agreement conﬁrms that our strategy for amino
acid design is effective, and the binding afﬁnity and speciﬁcity are
predictable for sequences meeting the selection criteria.
Overall, the second ﬁngers of ZF(T3) and Zif268 showed high
afﬁnities for KRG (where K is G or T, and R is G or A) triplets
(Fig. 5a and b), which is the expected wild-type binding speciﬁcity.
This indicates that our computational strategy resulted in a new
zinc ﬁnger sequence with properties similar to the wild-type.
When examining the afﬁnities of ﬁnger 2 for each of the three sites,
T was most favored as the ﬁrst base of the triplet, followed by G, A
and C. The relative afﬁnities for the second and third bases of the
triplet were G > A > T > C and G >> C > T > A, respectively. With
the exception of CCC, CCT and GGC (for the explanation, see Appen-
dix Fig. A5), these base preferences can explain nearly all of the
afﬁnities for the 64 triplets observed in this study and highlight
the additivity of the base–amino acid interactions.
Finally, it should be noted that the neighboring zinc ﬁngers may
largely contribute to DNA binding speciﬁcity of the second ﬁnger.
In addition, the stability and speciﬁcity of protein–DNA interac-
tions not only depend on speciﬁc amino acid to nucleic acid con-
tacts, but also to DNA deformability [22–24]. Next step should be
the development of a method that considers such effects together
in design.
Fig. 5. Binding of Zif268 (a) and ZF(T3) (b) to all 64 possible triplet DNA sequences from 50-FITC-CCAGACGGATCCTTGAAGCGNNN GCGTTTTCCGAATTCGATCG-30 , where N is A,
T, G or C. Zif268 (25 nM) and ZF(T3) (100 nM) were used under the same experimental conditions described in the supporting information. The color code on the right shows
the ratio of the shifted DNA bound to the protein to the added DNA; strong to weak binding corresponds to the colors red, pink, orange, light green and cyan. (c) Rankings of
the calculated protein–DNA interaction energies of ZF(T3) for all 64 possible triplet DNAs are colored in descending order.
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In summary, we provide a rational scheme for designing DNA
binding proteins. With this scheme, we have computationally de-
signed zinc ﬁnger proteins and succeeded in producing a TGG bin-
der, ZF(T3). At the same time, our results suggest that a protein
design for binding to DNA targets such as TAG, TCG and TTG is un-
likely to be realized as far as we design based on the ﬁxed back-
bone geometry of Zif268 though some small changes are
implicitly allowed by using atom radii smaller than normal ones
in the calculation. It is a great challenge in computational protein
design to develop a method that can explicitly consider the
changes in backbone geometry and we should go forward to such
a direction. When designing DNA-binding proteins, one must con-
sider both afﬁnity and speciﬁcity. As illustrated in Fig. 4, this is
accomplished by designing a protein with an appropriate gap be-
tween the lowest interaction energy (for the target) and the second
lowest (non-target). The calculation in Fig. 4b shows that ZF(T3)
has the lowest interaction energy with TGG and an ideal energy
gap, which is in agreement with the experimental results for
ZF(T3) showing high afﬁnity and speciﬁcity. Artiﬁcial sequence-
speciﬁc DNA binding proteins are useful for regulation of gene
expression or recombination. We suggest that this rational design
producing proteins with high afﬁnity and speciﬁcity for their target
DNA has great potential for future application.
Acknowledgements
We thank the advisory members in the PRESTO program for
their critical and useful comments and encouragement throughout
this work. This work was supported by the JST PRESTO program
and JSPS KAKENHI (Grand-in-Aid for Exploratory Research).
Appendix A. Supplementary data
Supplementary data (details of the HSSP proﬁle of the zinc ﬁn-
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